Abstract-Molecular communication via diffusion (MCvD) is a method of achieving nano-and micro-scale connectivity by utilizing the free diffusion mechanism of information molecules. The randomness in diffusive propagation is the main cause of inter-symbol interference (ISI) and the limiting factor of high data rate MCvD applications. In this paper, an apertured plane is considered between the transmitter and the receiver of an MCvD link. Either after being artificially placed or occuring naturally, surfaces or volumes that resemble an apertured plane only allow a fraction of the molecules to pass. Contrary to intuition, it is observed that such topology may improve communication performance, given the molecules that can pass through the aperture are the ones that take more directed paths towards the receiver. Furthermore, through both computer simulations and a theoretical cost function named signal-to-interference and noise amplitude ratio (SINAR), it is found that the size of the aperture imposes a trade-off between the received signal power and the ISI combating capability of an MCvD system, hinting to an optimal aperture size that minimizes the bit error rate (BER). In addition, it is shown that the optimal aperture size is affected by the location of the aperture and the bit rate. Lastly, the paper analyzes the effects of a radial offset in the placement of the apertured plane, and finds that a reduction in BER is still in effect up to a certain offset value. Overall, our results imply that apertured plane-like surfaces may actually help communication efficiency, even though they reduce the received signal power.
I. INTRODUCTION
Molecular communication via diffusion (MCvD) is communication paradigm that enables information transfer by utilizing the diffusive nature of messenger molecules in fluid media-um [1] . In an MCvD system, the information can be typically encoded in the quantity [2] , type [3] , time of release [4] , spatial index of emission [5] , and other combinations of these physical properties of the molecular wave.
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T. Tugcu is with the Department of Computer Engineering, NETLAB, Bogazici University, 34342, Istanbul, Turkey (e-mail: tugcu@boun.edu.tr). characterization to be done through time dependent functions of received molecules [7] . Furthermore, said randomness in molecule arrivals is also the main cause of the well-known inter-symbol interference (ISI) problem [8] . ISI is a major contributor to the high error probabilities and low data rate in MCvD systems [9] .
Other than inducing ISI, the probabilistic nature of molecule arrivals also causes some emitted molecules to fail in arriving at the receiver. From a communications engineering stand point, this phenomenon corresponds to a channel-caused attenuation of the molecular signal and leads to a low received signal power at the receiver end [10] . In addition, in both macro-and micro-scale applications, there may exist artificially placed or naturally present obstacles, which may lead to further loss in received signal strength [11] . Said obstacles may also be multiple layered, as in a porous media [12] , and cause further attenuation and arrival delay. In order to combat channel attenuation, several works propose increasing the receivers' molecule capture capability by equipping them with reflecting shells [10] , [13] . Additionally, in biological molecular communication applications, channel attenuation can also occur due to unwanted molecules that bind to the receiver's receptors and block them. In such a case, [14] considers unbinding the blocking molecules using chemical and optogenetic methods.
For an MCvD system consisting of a single transmitter and a single absorbing receiver, a recent work has proposed to partially count the arriving molecules at the receiver end [15] . In other words, [15] considers absorbing all molecules that arrive at the receiver as usual, but only counting the ones that hit to a specific region of the receiver's surface. Interestingly, the study shows that if the counted molecules are the ones that arrive at the receiver's side that faces the transmitter, a sense of directivity can be achieved. This directivity reduces the bit error rate (BER), even though the fractional counting effectively reduces received signal power. Another approach that targets a similar physical phenomenon can be found in [16] , which considers a tunnel-like absorbing boundary that extends from the transmitter towards the receiver and removes/degrades the molecules that hit it. Both [15] and [16] hint to the ability of achieving desirable performance gains by introducing directivity to the system.
Defining directivity in an MCvD system as allowing molecules that take shorter paths (and time) to arrive at the receiver and rejecting the others, this paper considers enhancing the communication efficiency of an MCvD system with an apertured plane. The considered apertured plane consists of a fully reflective and practically infinite (sufficiently large) 2-D slab with a circular aperture in the middle. The molecules are able to freely pass if they propagate through the aperture, but get elastically reflected if they hit the plane's body. Considering the aforementioned topology and our earlier preliminary work in [17] , the main contributions of this paper can be listed as follows:
• Overall, we find that the existence of such an apertured plane provides a similar directivity as defined before.
• We confirm that the pseudo-selective passability through the apertured plane indeed decreases the received signal strength. However, since the blocked molecules mostly consist of the ones that take longer paths to reach the receiver, we find that an apertured plane provides a very beneficial ISI mitigation. Overall, even though the received signal is attenuated, we point out that the introduced ISI mitigation reduces BER when compared to the scenario without the plane.
• Furthermore, we exploit a trade-off between ISI reduction and received signal power ( [18] ) that is dependent on the aperture size of the apertured plane, which suggests an optimal aperture size in terms of minimizing BER.
• We propose a novel theoretical performance metric called signal-to-interference and noise amplitude ratio (SINAR) that can be evaluated easily and accurately mirrors the behavior of BER, which suggests that the optimal aperture size can also be found by maximizing SINAR. We believe SINAR is a promising cost function that can be utilized for further equalization and other optimization tasks.
• We show that the optimal aperture size is dependent on topological and communication parameters, such as the data rate, transmitted molecular signal strength (i.e. emitted number of molecules), and the position of the apertured plane.
• We discuss and acknowledge that a concentric manual/natural placement of such an aperture plane is a difficult task and investigate the performance loss when the perfect alignment is lost. We find out that compared to the scenario without the plane, the existence of the apertured plane still provides BER reduction up to a certain misalignment due to a radial offset.
II. SYSTEM MODEL
In this paper, an MCvD system between a single point transmitter and a spherical receiver with a radius of r r is considered in an unbounded, driftless, three dimensional communication environment. The receiver in the MCvD link is assumed to be fully absorbing, which causes it to count all molecules that arrive and remove them from the communication environment (i.e., each hitting molecule contributes to the received signal only once). The closest distance between the point transmitter and receiver is denoted as d, which allows the point-to-center distance between the transmitter and the receiver (r 0 ) to be d + r r .
Other than the transmitter and receiver nanomachines, the considered system model includes a fully reflective planar surface whose distance to the transmitter is denoted by d a . The surface has a circular aperture with a radius of r a , whose center is aligned with the spherical receiver's center and the point transmitter. Apart from the apertured region, the surface of the apertured plane is assumed to reflect the molecules that hit its body in an elastic manner. Overall, the considered system model, including the transmitter, the receiver, and the aperture plane, is presented in Fig. 1 .
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In the point-to-absorbing sphere MCvD system without the apertured plane, [7] introduces the time distribution of a molecule's arrival at the receiver, f hit (t), as
Here, D denotes the diffusion coefficient of the utilized carrier molecule. The time integral of (1) yields F hit (t), the probability of a single molecule's arrival at the receiver between time 0 and t, which is given by [7] as:
where erfc(·) denotes the complementary error function. The system model of interest, which is presented in Fig.  1 , includes a reflecting obstructive surface with an aperture, which we refer to as the apertured plane in the manuscript. However, (2) is only applicable for the system that consists of only a point transmitter and a spherical receiver, and not anything else. Therefore, (2) cannot be directly used to obtain the F hit (t) function corresponding to the system described in Fig. 1 . Instead, this paper utilizes a random walk-based Monte Carlo simulation implemented on a custom simulator using MATLAB to obtain F hit (t). To simulate the random movement of the molecules, the position at time t + ∆t is incremented from the position at time t by performing X(t + ∆t) =X(t) + ∆X,
where all ∆X, ∆Y , and ∆Z are Gaussian random variables that are defined as N (0, 2D∆t) [6] . Here, D denotes the diffusion coefficient of the utilized information molecule in the specific environment.
In a time-slotted point-to-absorbing sphere MCvD system, the values of F hit (t) at integer multiples of the symbol duration are equivalent to the probabilities of a single molecule's arrival until the according points in time after its emission. Subtracting consecutive values of these F hit (t) samples yields h 1 , h 2 , . . . , h L , which are referred to as the channel coefficients of an MCvD system. Here, L denotes the ISI window (channel memory) of the MCvD system at hand. Even though the heavy right tail of (1) causes the actual channel memory to be infinite, a finite but large L is chosen for practical purposes [19] . Mathematically, the k th channel coefficient of an MCvD system with symbol duration t s can be expressed as
The k th coefficient in (4) represents the probability of a single molecule's arrival in the k th symbol duration after its release. When emitting multiple molecules per release, the number of molecules that arrive at the receiver in the k th receiver is represented with a binomially distributed random variable with success probability h k . Denoting N
T x i
as the number of transmitted molecules and R i as the number of received molecules at the i th symbol interval,
where R i,k denotes the number of received molecules during the i th symbol interval that were emitted at the start of the k th symbol interval, and
Following the findings of [20] , (5) can be approximated as a normal random variable given by
As it is the most widespread modulation scheme in the molecular communication literature [2] , on-off keying-based binary concentration shift keying (BCSK) is utilized in this paper. When transmitting a BCSK symbol, a bit-1 is mapped to emitting M molecules (N T x i = M ) from the transmitter and a bit-0 is represented without an emission (N T x i = 0) for the symbol duration. The probability of transmitting a bit-0 or a bit-1 is chosen equal (P 0 = P 1 = 0.5).
At the other end, the receiver considered in this paper collects and counts the absorbed molecules until the end of the symbol duration, and demodulates using a single threshold as
where τ is the threshold value and H θ is the hypothesis that corresponds to the demodulated bitx i being equal to θ. Note that the considered time slotted channel assumes synchronization between the transmitter and the receiver, which may be accomplished by a method similar to as presented in [21] .
III. EFFECTS OF THE APERTURED PLANE ON SYSTEM PERFORMANCE The apertured plane blocks some molecules' paths by reflecting them, hinders them from arriving at the receiver, and allows some to pass and continue their propagation towards the receiver. Intuitively, the existence of such an obstacle decreases the overall number of arriving molecules at the receiver end [12] , which corresponds to a decrease in received signal power. On the other hand, the majority of the molecules that are blocked by the apertured plane are the molecules that take longer paths to arrive at the receiver end, which implies a reduction in ISI. Acknowledging these phenomena as prominent effects on communication efficiency, the overall error performance of the system is hypothesized to be affected by both. Therefore, in order to comment on the overall effect of an apertured plane of communication performance, this section presents BER performances of BCSK modulated bit streams under the topology shown in Fig. 1 .
In the performed computer simulations, the exact topology in Fig. 1 is generated, and a random walk-based MATLAB simulator as mentioned in Section II is employed to generate F hit (t) and the channel coefficients. Note that for each topology with a different d a , r a , r r , and/or d value, the corresponding F hit (t) is different. Therefore, a different particle-based simulation is performed to generate the appropriate F hit (t) for each different topological parameter set in this paper. Each Monte Carlo simulation is performed for a total duration of 10 s, using 10 5 molecules and with an incremental time step of ∆t = 1 × 10 −4 s. As the control group, the well-known scenario including a single point transmitter and a single absorbing receiver in an unbounded diffusive environment is considered. Note that for such a topology, F hit (t) can easily be obtained using (2) . After generating the channel coefficients for both topologies, BER simulations using bit streams of length 10 7 bits are conducted. Both topologies are evaluated over the well-known BCSK scheme with the decoder as presented in (7).
Due to the signal-dependent nature of ISI and noise in MCvD systems [22] , the theoretical evaluation of BER necessitates evaluations over all possible bit combinations [23] . For an MCvD channel with memory L, theoretical BER evaluation ideally requires 2 L cases' error probability evaluations. Stemming from the complexity of such an operation, various performance metrics including signal-to-interference ratio (SIR) [24] , signal-to-interference-and-noise ratio (SINR) [25] , and signal-to-interference difference (SID) [15] have been proposed in the literature. Inspired by the existence of a correlation between BER and the ratio between a molecular signal's mean and standard deviation [26] , we propose an alternative performance metric to evaluate the signal quality in this work. We have named the metric signal-to-interferenceand-noise amplitude ratio (SINAR) and defined it as
Note that SINAR also takes the number of transmitted molecules (M ) into account, which is a key difference when compared to SIR [24] and SID [15] metrics. In addition, the fact that M is used in first order makes physical sense, since the number of transmitted molecules is considered to be directly proportional to energy required to synthesize and/or emit them [27] . In order to evaluate the effects of the apertured plane on communication efficiency, BER vs. r a and SINAR vs. r a curves are presented in Fig. 2 . Throughout the paper, including Firstly, the results of Fig. 2 show that SINAR is a good metric to evaluate the performance of an MCvD system, as it reliably mirrors the trend of the BER curve. In other words, Fig. 2 suggests maximizing SINAR yields close-to-optimal results in terms of minimizing BER, which makes it promising for its use as a cost function in further equalizer and other filter designs. Please note that the computational complexity for evaluating SINAR is much less when compared to evaluating BER.
As both the local minimum of BER vs. r a and the local maximum of SINAR vs. r a curves in Fig. 2 suggest, there exists an optimal r a value that minimizes BER for an MCvD system with given topological and communication parameters. Calling this optimal r a value as r * a , Fig. 2 suggests that for the system with considered parameters, r * a ≈ 2.2 µm. Furthermore, mapping the results of Fig. 2 to the first paragraph of Section III, it can be inferred that the hypothesized trade-off between received signal power and ISI reduction is indeed true. Note that for large r a , the ISI mitigation is minimal and the BER-reducing effect of the apertured plane is less significant. Naturally, as r a → ∞, the BER and SINAR curves are expected to approach their without aperture counterparts. At the other extreme, an apertured plane with a very small r a only allows the molecules that take very directed paths towards the receiver, hence providing excellent ISI mitigation. However, this reduction in ISI does not translate to BER reduction since the received signal power becomes too low (too few molecules arrive at the receiver), which makes the received signal weaker against arrival variance (noise). Overall, the optimal value r * a provides the best trade-off between the received signal power and ISI mitigation capability, and yields the lowest BER, as also quantified by the SINAR curve. Another finding of Fig. 2 is that at r * a ≈ 2.2 µm, a BER gain of roughly two orders of magnitude can be obtained at t s = 0.2 s and M = 1500 molecules. Referring to the widespread use of BER vs. M curves in molecular communication literature, BER and SINAR vs. M curves at r * a = 2.2 µm are presented in Fig. 3 .
The results of Fig. 3 show that the apertured plane not only reduces overall BER, but it also provides a steeper downward slope in the BER vs. M curve. This desirable property can be accounted to the ISI mitigating property of the apertured system.
IV. SYSTEM PARAMETERS AND THE OPTIMAL APERTURE SIZE
The results presented in Section III show that even though the presence of an apertured plane attenuates received signal power [11] , the overall communication efficiency may increase when the aperture allowing the communication is in a certain range in size. Fig. 2 shows that for a certain parameter set, the trade-off between the received signal power and ISI combating leads to the existence of an optimal aperture radius r * a . This section investigates the factors that affect r * a and r * a 's behavior with respect to them.
A. Optimal Aperture Radius With Respect to t s
Symbol duration is a key parameter of any MCvD system, including the ones involving apertured plane-like obstacles. As noted many times in the molecular communications literature [1] , the symbol duration is directly linked to the ISI faced by an MCvD system. Acknowledging the key importance of the received signal power vs. ISI trade-off for the system at hand, Fig. 4 is presented to illustrate r * a 's relationship with t s . The results of Fig. 4 suggest that r * a increases with increasing t s . Note that under the same topological parameters, a higher t s means lower ISI. This phenomenon suggests that the system is better off with a larger r a allowing more molecules to pass (higher received power), rather than further mitigating the already low ISI. 
B. Optimal Aperture Radius With Respect to the Number of Transmitted Molecules
Another key parameter of an MCvD system is the number of transmitted molecules. Recalling that the employed BCSK modulation does not emit any molecules to transmit a bit-0, the average number of transmitted molecules is represented solely by M in this paper. In order to investigate r * a 's relationship with M , Fig. 5 is presented.
The results of Fig. 5 show that r * a decreases with increasing M . Since transmitting more molecules corresponds to a higher transmit power, the system with a larger M is able to handle a more severe signal attenuation and still provide a decent signal power at the receiver end. Noting a small aperture has better ISI combating capability, one can conclude that an MCvD system with higher M is better off with a smaller r a , which explains the downward trend in the r * a vs. M curve. We also observe that the downward trend slows down while increasing M , and after M > 1000, the change in r * a is negligible (i.e., r * a converges to a value when we increase M ).
C. Optimal Aperture Radius and the Position of the Apertured Plane
This subsection investigates the effects of the position of the apertured plane on r * a and investigates the global minimum of BER (or global maximum of SINAR) with respect to d a and r a . To serve for this purpose, Figs. 6 and 7, which correspond to log 10 (BER) and SINAR vs. From both result sets corresponding to d = 5 µm (Fig. 6 ) and d = 7 µm (Fig. 7) , it can be observed that as d a increases, the r * a that corresponds to the corresponding d a increases as well. This behavior is mainly due to the aforementioned tradeoff between the directivity effect (ISI combating) and received signal power that is brought in by the apertured plane. Recall from Fig. 1 that when d a is small, the apertured plane is closer to the transmitter. In the small d a region, it makes more sense to have a small r a to provide directivity by allowing only more directed molecules to pass, since a large r a value does not provide sufficient blockage, hence ISI combating, near the transmitter. On the other hand, when the apertured plane is closer to the receiver (large d a region), having a small r a is equivalent to allowing a very small portion of the molecules to be absorbed, which corresponds to having a very low received signal power. The need to avoid such low received powers causes the system to trade some ISI combating capability by having a larger aperture, increasing r * a for larger d a values. Lastly, it can also be observed from Figs. 6 and 7 that the SINAR metric accurately represents the overall BER behavior, and enables the prediction of the optimal r a and d a combination analytically.
V. PERFORMANCE UNDER IMPERFECT ALIGNMENT
Up to this section of the paper, the simulations and analyses consider a perfect alignment between the point transmitter, the center of the circular aperture, and the center of the spherical receiver. However, for scenarios with either manually placed apertured planes or naturally occurring apertured plane-like obstacles, ensuring a perfectly concentric alignment is difficult. This alignment problem is especially an issue for nano and micro-scale MCvD systems.
Motivated by the alignment problem, this section presents the error performance profile of an MCvD system with an apertured plane that is imperfectly aligned. Fig. 8 presents the non-concentric version of Fig. 1 , where the center of the aperture is r off away from the line that connects the point transmitter and the center of the spherical receiver. Note that r off = 0 corresponds to the perfect alignment scenario studied in earlier sections. Fig. 9 presents the comparative BER and SINAR curves of MCvD systems with and without the apertured plane, where the offset distance r off is used as the swept parameter. Similar to the perfectly concentric scenarios, the F hit (t) functions and the channel coefficients of the imperfectly aligned systems are also generated using Monte Carlo simulations with 10 time step of ∆t = 1 × 10 −4 s. After generating the required data, the Monte Carlo BER simulation is performed using bit streams with length 10 6 , in order to ensure a minimum of roughly 100 bit errors.
As the results of Fig. 9 also confirm intuition, an increasing misalignment r off increases BER for the apertured plane scenario. The reason for this behavior can be accounted to the increased distance the molecules have to cover before arriving at the receiver. The longer distance increases the expected arrival time of the molecules, making the system more prone to ISI. However, it is worth mentioning that the beneficial effect of the apertured plane is still in place up to a certain r off value. For the system with parameters in the caption of Fig. 9 , the system with a misaligned apertured plane still yields a lower BER than the case without the plane at all up to r off ≈ 2.4 µm, which is also confirmed by the SINAR metric.
VI. CONCLUSIONS AND FUTURE WORK
In this paper, we considered the performance of an MCvD system in the presence of an apertured plane. Either manually placed or naturally occuring, we have found that the overall error performance can actually be improved with an apertured plane, even though such an obstacle decreases received power. We have found that this improvement in performance is mainly due to the ISI mitigation introduced by the apertured plane. We have recognized and reported a trade-off between the ISI mitigation and received signal power, and shown that there exists an optimal aperture size that minimizes BER. In order to quantify the communication efficiency of the overall system, we proposed a novel metric called SINAR and realized it accurately represents the overall BER performance of the system. Acknowledging the trade-off, we have investigated the effects of various topological and communication parameters on the mentioned optimal radius. Lastly, motivated by the practical difficulties in realizing a concentric aperture, we have investigated the effects of misalignments and shown that the BER improvement over the benchmark scenario still holds up to a certain point. Considering the presented work in this paper, future research directions include:
• the consideration of absorbing and partially absorbing apertured planes, • the investigation of the effects of possible angular rotations of the apertured planes, • and scenarios with multiple apertured planes, with concentric and non-concentric alignments.
